The first use of electron spin resonance for the study of radiation effects on the nucleic acids and their constituents was made by Shields and Gordy', 2on powdered samples. Quantitative measurements of the free-radical yield in powdered samples have recently been made by Muller.3 In an effort to gain more specific information with this method about the effects of radiation on these genetically important compounds, we have undertaken the slower, more difficult program of the study of oriented radicals in polymers and in single crystals.
The first use of electron spin resonance for the study of radiation effects on the nucleic acids and their constituents was made by Shields and Gordy', 2on powdered samples. Quantitative measurements of the free-radical yield in powdered samples have recently been made by Muller. 3 In an effort to gain more specific information with this method about the effects of radiation on these genetically important compounds, we have undertaken the slower, more difficult program of the study of oriented radicals in polymers and in single crystals.
We have succeeded in growing single crystals of both thymidine and cytidine which are large enough to give strong ESR signals induced by gamma-irradiation. The measurements on thymidine crystals have been completed and analyzed; the results on cytidine are nearing completion. Because of limitation of space, details of these studies cannot be included in the present paper. They will be described in separate papers. Use will be made, however, of these results in the interpretation of the ESR signals obtained in irradiated DNA.
In the earlier studies2 both DNA and RNA were found to have a relatively broad resonance, -30 gauss, with g = 2.00, and no resolved hyperfine structure. In contrast, certain of the constituent nucleosides were found to have resolvable, or partially resolvable, hyperfine structure. That for thymidine had the largest number of resolved components. Shields and Gordy2 concluded that this hyperfine structure must arise from a free radical having five hydrogen nuclei coupling with the electron spin moment, three of which have equivalent coupling of about 23 gauss and two of which have equivalent coupling of about 42 gauss.
From the fact that thymine gave the same characteristic pattern as thymidine, it was evident that the electron spin density was concentrated in the basic ring group in thymidine and hence might be expected to occur in the same ringed group in irradiated DNA. However, no signals were found from DNA which could be definitely identified as characteristic of its thymidine rings. In later studies, a thymidinelike resonance was detected in irradiated DNA by Salovey The results obtained in the present study of various commercial samples of DNA irradiated with cobalt 60 at room temperature under vacuum generally agree with the results of Shields and Gordy. No significant thymidinelike component was observed, even for gamma-ray dosage up to 7 M rads (as reported by Salovey, Shulman, and Walsh4). Although there could be no certainty that our samples were of the same kind or purity as those used by Ehrenberg et al., one sample of the sodium salt of highly polymeric DNA, when similarly deoxygenated, was found to give no thymidinelike signal, but the partially resolved triplet resonance of Figure 1 , which resembles the cytidine resonance.2 Some samples, however, when given heavy gamma-ray dosage, did show very weak thymidinelike signals on the side of a strong central resonance (see Fig. 2 ).
Addition Reaction on the Thymidine Ring.-Studies of irradiated single crystals of thymidine, described in a separate paper,' show that the stable radical observed in this substance is a secondary one formed by the addition of an H atom to the C(6) of the base ring. The chemical form of the radical is structure (I), in which X indicates the part of the molecule not directly involved in the reaction.
In this radical the electron spin density is in a 7r orbital of the ring; most of it, pc = 0.70, is on C(5 Figure 2 , indicate that H atoms produced by irradiation of the adsorbed gas do measurably increase the strength of the thymidinelike resonance. Evidently, one requirement for production of the thymidinelike resonance in DNA is a suitable source of H atoms. An impurity in the DNA could serve as a hydrogen source, but certain impurities may act as hydrogen-scavengers, competing for the available hydrogen atoms and thus reducing the thymidinelike signals. The H-addition reaction should be sensitive to the thermal energies of the H atoms, and hence the production of the thymi-dine-like resonance should depend on the temperature of the sample and the type of radiation employed. It is evident that a second addition reaction on the ring would convert the radical to a stable molecule. For this reason, most of the factors which would increase the production of radical (I) would also increase its destruction. It is not surprising, therefore, that the conditions for its observation are a bit critical.
In this connection it should be mentioned that Patten and Gordy'0 in their studies of irradiated DNA-H20 complexes at liquid helium temperatures did not observe a thymidinelike signal. They did obtain signals of free H atoms from the mixture, but not from the pure DNA. This indicates that the H atoms are freed from the H20 but that they require thermal energy to form the addition reaction with the thymidine unit. This is also indicated by the annealing which Salovey, Shulman, and Walsh found to be required for observation of the thymidinelike resonance.
It is interesting that the addition reaction is observed to take place on the C(6) and that no ESR evidence is obtained for an H-addition reaction on the C(5) of the thymidine ring. Steric factors which hinder the necessary reorientation of the bulky methyl group are probably responsible for this. Addition on the C(6) is favored by the greater ease of reorientation of the CH group. Also the stability of radical (I) is favored by factors which hinder the reorientation of the methyl group. For DNA in liquid solutions or at elevated temperatures in the solid, these hindering factors would not be as effective. Under these conditions, a second addition reaction on the thymidine ring might occur so rapidly that detectable quantities of radicals could not be built up.
After concluding from our work on single crystals of thymidine and from the experiments described in the present paper that the thymidinelike resonance is formed by a hydrogen-addition reaction, we received a prepublication copy of a paper by Pershan, Shulman, Wyluda, and Eisinger,"1 which showed that these authors have drawn the same conclusion from independent and quite different experiments. They discovered that the thymidinelike resonance can be strengthened if the water content of the sample is increased, and they concluded that the H atoms produced from the H20 were reacting with the thymidine ring. Indeed they produced a convincing proof of this by recording the different signals expected from the addition-reaction of D from D20. By a CD3 substitution, they obtained additional confirmation that the quartet substructure arises from the methyl group.
The findings reported in the present paper are in agreement with the effects of gamma-rays on deaerated aqueous solutions of thymine observed by Ekert,12 who demonstrated by UV absorption and paper chromatography that one of the irradiation products is a new stable molecule produced by hydrogen addition on both C(5) and C(6) of thymine. Also, he found compounds produced by addition of OH to these carbons. From our ESR results and from those of Pershan et al.11 it is evident that the addition occurs first on the C(6). This leaves a concentrated spin density on C(5) which precipitates a further reaction with that carbon, a reaction which results in the formation of a stable molecule. These findings are also in agreement with the general theory of radiation damage outlined by Braams.13 Addition Reaction on Purine Rings. Figure 3 . The triplet for the adenosine unit evidently is superimposed on another resonance occurring in the central region. Although it seemed evident that this triplet splitting must arise from two protons with equivalent coupling, Shields and Gordy were unable to account for the large coupling they found (of the order of 40 gauss), because they did not take into account the possibility of an addition reaction with hydrogen atoms. We suggest that the free radicals giving rise to those triplets are, in each instance, formed by the addition of an H to the CH of the fi ve-membered ring. Thus, for the guanalytic unit there is the possible addition reaction shown below: The ESR of the powdered samples is probably not distinguishably different for these two radicals, but spectra from the single crystals, which we hope to obtain, should have distinguishably different N14 couplings. Spectra corresponding to the broad triplets of Figure 3 for the purine derivatives -have not generally been detected in the ESR of irradiated nucleic acids. However, for trout sperm DNA containing 20 per cent H20 and '/lo per cent protein, irradiated and observed at room temperature, Dorlet et al.'4 detected a broad triplet which closely resembles the broad triplet of Figure 3 . These observers apparently were not aware of the similar spectra for guanylic acid and made no correlations with the nucleotides. Because of the similarity of its pattern to that for guanylic acid, this triplet probably arises from a free radical in DNA formed by an H-addition reaction on the guanine ring, like that described above, radical (II).
Conclusions.-ESR evidence indicates that hydrogen-addition reactions on the ringed groups, especially on the thymine ring, are possibly of great significance in radiation damage to DNA. The production of secondary free radicals in DNA by H-addition reactions depends upon physical conditions as well as upon chemical impurities and probably on the nature and constitution of DNA itself, i.e., upon the relative amounts and the sequence of the different nucleotides in the DNA polymer and upon the number of its strands, whether single or double.
